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ABSTRACT   
Photoacoustic and thermoacoustic phantom images obtained with a multi-channel breast scanner designed for breast 
cancer screening are presented here. A tunable laser system (OPOTEK Vibrant 355 I, Calsbad,CA) with a pulse duration 
of 5 ns was used for photoacoustic irradiation, and a 3.0 GHz microwave source with a pulse width of 0.3-1 µs was used 
for thermoacoustic tomography. Multiple (>=16) 2.25 MHz single-element unfocused ultrasonic transducers at different 
depths were scanned simultaneously for a full 360° to obtain a full data set for three-dimensional (3D) tomography. 
Negative acoustic lenses were attached to these unfocused transducers to increase their acceptance angles. An ultrasound 
receiving system with 64 parallel receiving channels (Verasonics Inc. Redmond, WA) was used for data acquisition. A 
filtered backprojection algorithm was used to reconstruct two-dimensional (2D) and 3D images. Different phantoms 
were imaged to evaluate the performance of the scanner. A lateral resolution of less than 1 mm and an elevational 
resolution of less than 5 mm were achieved. The phantom studies demonstrate that this scanner can potentially provide 
high-resolution, dual-modality, three-dimensional images and can potentially be used for human breast cancer screening.   
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1. INTRODUCTION  
Breast cancer is the second leading cause of cancer deaths in women. Early diagnosis is the key for survival [1]. We 
have many modern technologies for breast cancer screening, which have advantages and disadvantages. X-rays are 
ionizing radiation that poorly image dense breasts and the region close to the chest wall, and it is difficult to diagnose 
early stage cancer which doesn’t have high x-ray contrast. Ultrasound imaging is cheap, but provides poor soft tissue 
contrast. MRI images have high contrast but variable specificity, and provide only morphological information. MRI is 
also very expensive and sometimes uses exogenous contrast agents [2]. In this article, we explore the possibility of 
breast cancer screening by using novel low-cost, noninvasive, non-ionizing technologies of photoacoustic tomography 
(PAT) and thermoacoustic tomography (TAT). PAT and TAT combine high resolution with high contrast due to light or 
rf absorption. PAT relies on tissue’s optical absorption and can achieve a high contrast (at least a factor of 1.6) between 
malignant tumors and normal breast tissues [3]. TAT measures dielectric prosperities and is sensitive to water and 
organic ion changes in tissues. It can achieve a large contrast (a factor of 4) between malignant tumors and healthy breast 
tissues even at an early stage of tumor development [4][5]. Those two novel imaging technologies can potentially 
provide good contrast functional images to detect and locate tumors in the breast, because cancerous tissues not only 
have higher optical absorption due to angiogenesis but also have higher water/ion content when compared to healthy 
breast tissues.  
 
 
 
 
 
 
 
*lhwang@biomed.wustl.edu; phone 1 314-935-6152 
Photons Plus Ultrasound: Imaging and Sensing 2012, edited by Alexander A. Oraevsky, Lihong V. Wang,
Proc. of SPIE Vol. 8223, 822309 · © 2012 SPIE · CCC code: 1605-7422/12/$18 · doi: 10.1117/12.906779
Proc. of SPIE Vol. 8223  822309-1
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 9/18/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use
Motor
Mineral
oil
Breast
holden
Multiple ultrasound
transducers
Rotating gantry
OPOtek
laser
,1/ Ground
*OW Prism
Antenna
Concave
lens Microwavegenerator
Verasonics 64
channel
ultrasound
receiving system
Computer
z
x
 
 
2. METHODOLOGY 
2.1 Combined photoacoustic/thermoacoustic breast scanner   
Our combined photoacoustic/thermoacoustic breast scanner [6], shown in Figure 1, has a cylindrical geometry. A laser 
or microwave transits from the bottom of the rotating gantry and illuminates the object in the breast holder. The 
generated acoustic signals due to thermo-elastic expansion are detected by multiple transducers at different depths. A 
motor rotates the transducers 180 or 360 degrees for 200 or 400 steps respectively. The generated acoustic signals at 
different positions are collected by Verasonics 64 channel ultrasound receiving system at a sampling rate of 20 MHz and 
sent to the computer. The images are reconstructed by using 2D/3D filtered back projection algorithms.    
 
Figure 1. Diagram of our combined PA/TA breast scanner. 
The core part of our system is the rotating gantry of the breast scanner. It has many threaded holes for fixing transducers 
and has a radius of about 107 mm. The transducers are separated by 14 degrees and 2.54 mm in depth. This gantry has 
one pair of holes at the same depth and has a total of 21 different depths, so the whole depth of the gantry is about 50 
mm. 
2.2 System parameters 
We use an OPOtek Vibrant 355 I laser with wavelengths of 410 to 680 and 740 to 2400 nm. The pulse width is 5 ns and 
the pulse repetition rate is 10 Hz. During experiments, the incident laser fluence is controlled to be less than 20 mJ/cm2 
on tissue surface to conform to the American National Standards Institute (ANSI) standards [11]. The microwave source 
we use has a frequency of 3 GHz, an estimated peak power about 60 kW, a pulse width of 0.3 to 1 μs, and the same pulse 
repetition rate of 10 Hz. We also use a horn antenna (WR284, W/EEV flange, HNL Inc.) with an opening of 73 mm×107 
mm to couple the energy into tissue or phantom. The power density of the microwave system is calculated to be 2.3 to 
7.7 mW/cm2, which is below the limits of IEEE safety standards [12].  
2.3 Transducers and negative lenses  
We have commercial flat 2.25 MHz transducers with 0.5 inch and 0.25 inch element diameters (ISS 2.25x0.5 COM, GE 
Healthcare). The -3 dB bandwidth of the transducers is about 46%. We add different negative lenses to enlarge the 
acceptance angle of the flat transducer, including acrylic cylindrical lenses [7][8] and removable acrylic aspherical 
lenses (Edmund Optics, Barrington, NJ).  
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3. RESULTS 
3.1 Spatial resolution 
We measured the spatial resolution of our scanner was measured by imaging a point target. The point target, which has a 
diameter of 0.3 mm, was made by mixing graphite powder with epoxy. The best resolution was achieved at the rotating 
center. By measuring the full width at half maximum from the 3D reconstructed image, we estimated the best tangential 
resolution to be about 0.7 mm, the axial resolution to be about 0.6 mm, and the elevation resolution to be about 4.6 mm. 
3.2 Multiple channel photoacoustic images of a cross hair phantom  
We imaged a hair phantom (Image 11 of Figure 2), which is composed of two cross hairs fixed to a plastic base at two 
different depths. We tuned the laser to a wavelength of 680 nm during experiment. 
 
Figure 2. (1-10) Cross-section images of a two cross hair phantom acquired in parallel by 10 transducers at 
different depths. The depth (z) is labeled in each image respectively, z is the vertical position as indicated in 
Figure 1. (11) Diagram of the two cross hair phantom.  
We can see in Figure 2 that in the first image, we cannot see the two cross hairs clearly. With the increase of depth, the 
top cross hair becomes clear at image 5, while the bottom cross hair is still blurred. With further increase of depth, the 
bottom cross hair becomes clear at image 9 and the top cross hair becomes blurred again. These images show the multi-
channel capability of our system. 
3.3 Photoacoustic images of a dog brain 
To demonstrate the resolution of our scanner, we imaged the surface structure of a dog brain with an open skull. Figure 3 
is the one-channel tomographic image of the surface of the dog brain. The image was obtained from a transducer with 
0.5 inch element diameter and with a cylindrical lens. Most sulci on the surface of the dog brain were clearly 
reconstructed and identified on the image. The wavelength of the laser used was also 680 nm. 
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Figure 3. (a) Photograph and (b) one channel tomographic image of a dog brain. 
 
 
  
   
Figure 4. Images of the dog brain acquired by transducers with different negative lenses: (a) cylindrical negative 
lens (b) aspherical lens and (c) no lens 
Figure 4 shows the comparisons of images acquired by transducers with different negative lenses. The images show that 
using negative lenses can increase field of view and obtain better images thanks to the enlargement of acceptance angle 
of the transducer.  
(a) (b) (c) 
(a) 
(b) 
Proc. of SPIE Vol. 8223  822309-4
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 9/18/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use
Porcine fat
(radius 5 cm)
Lysed
bovine
blood
20
10
-10
-20
-10 0
(111111)
10
 
 
3.4 Photoacoustic image of a tumor phantom 
A breast scanner should also have high sensitivity and should detect tumors deeply in breast [10]. Kruger et al. have 
successfully visualized submillimeter breast vasculature to a depth of 40 mm using a laser with a wavelength of 800 nm 
[13]. In order to test our scanner’s ability to image tumors, a tumor phantom was constructed. Porcine fat was used to 
mimic fatty breast tissues, and a tube with lysed bovine blood was placed in the center and beneath 24 mm of fat to 
mimic a tumor. The laser set to a wavelength of 1064 nm was used because lasers at this wavelength can penetrate 
deeply into tissues [9]. Figure 5 shows the reconstructed image which displays the boundary of the blood tube even 
though there were some artifacts induced by fat. 
 
(a) 
 
(b) 
Figure 5. (a) Photograph and (b) photoacoustic image of a tumor phantom 
3.5 Thermoacoustic and photoacoustic images 
Thermoacoustic imaging detects dielectric properties of the objects, while photoacoustic imaging detects optical 
properties of the objects. These modalities can provide distinct image contrast. Figure 6 shows the thermoacoustic and 
photoacoustic images of a blood tube in mineral oil. The acquired thermoacoustic image shows additional information of 
the tube. The wavelength of the laser used in this experiment was also 1064 nm. The pulse width of the microwave used 
was 0.6 μs.  
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Figure 6. (a) Photography of a blood tube. (b) Thermoacoustic and (c) photoacoustic image of the blood tube in 
mineral oil 
4. CONCLUSION 
In summary, this cylindrical scanning breast scanner can provide a best tangential resolution of around 0.7 mm, a best 
radial resolution of around 0.6 mm, and an elevational resolution of about 4.6 mm. The imaging depth of a blood object 
in fat can reach 2.4 cm. PAT and TAT together can provide additional or complementary functional information. This 
scanner can potentially provide multi-modality, high contrast, high resolution and low cost 2D/3D images, which are 
potentially useful for human breast screening. 
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